ABSTRACT We have developed a novel test cage and improved method for the evaluation of mosquito repellents. The method is compatible with the United States Environmental Protection Agency, 2000 draft OPPTS 810.3700 Product Performance Test Guidelines for Testing of Insect Repellents. The Biogents cages (BG-cages) require fewer test mosquitoes than conventional cages and are more comfortable for the human volunteers. The novel cage allows a section of treated forearm from a volunteer to be exposed to mosquito probing through a window. This design minimizes residual contamination of cage surfaces with repellent. In addition, an air ventilation system supplies conditioned air to the cages after each single test, to ßush out and prevent any accumulation of test substances. During biting activity tests, the untreated skin surface does not receive bites because of a screen placed 150 mm above the skin. Compared with the OPPTS 810.3700 method, the BG-cage is smaller (27 liters, compared with 56 liters) and contains 30 rather than hundreds of blood-hungry female mosquitoes. We compared the performance of a proprietary repellent formulation containing 20% KBR3023 with four volunteers on Aedes aegypti (L.) (Diptera: Culicidae) in BG-and conventional cages. Repellent protection time was shorter in tests conducted with conventional cages. The average 95% protection time was 4.5 Ϯ 0.4 h in conventional cages and 7.5 Ϯ 0.6 h in the novel BG-cages. The protection times measured in BG-cages were more similar to the protection times determined with these repellents in Þeld tests.
Since Bacot and Talbot (1919) performed some of the Þrst sound laboratory cage tests with several essential oils as repellents against Aedes aegypti (L.) (Diptera: Culicidae), a variety of laboratory test methods have been published. Christophers (1947) noted the need for standardized testing procedures and evaluation criteria, but a true consensus on the best or most appropriate repellent testing method is still a subject of great debate. Over the past 40 yr, laboratory test cages for repellent assays have varied in volume from 19.8 to 188 liters, in shape, primarily as square or rectangular cages, and in mosquito densities ranging from one per 1,980 cm 3 to one per 105 cm 3 (Lomax and Granett 1971 , Schreck and McGovern 1985 , Fradin and Day 2002 . The test procedures that are currently recommended and are in use do not compare well and require signiÞcant resources, especially time and cost.
Because of the need for a meaningful, comparable, and standardized test procedure for end consumer repellent product registration, the U.S. Environmental Protection Agency released a draft guideline for the laboratory and Þeld evaluation of insect repellents for human skin, which was revised in 2000 (EPA 2000) .
The document recommends a cage size of 56,640 cm 3 , with a density of one mosquito per 100 cm 3 or at least 200 mosquitoes in each test cage. The entire forearm of the test person is treated with a repellent and introduced into the test cage through a sleeved opening in the front of the cage (Schreck and McGovern 1985 , Frances et al. 1993 , Fradin and Day 2002 , EPA 2000 , Trongtokit et al. 2005 . During insertion of the arm through the sleeve, the substance on the treated arm can be transferred from the skin to the sleeve and thus lead to contamination of the sleeve. In addition, if the candidate repellents are volatile, evaporative loss during repeated trials may lead to an accumulation of the test substance in the cage. The consequence of prolonged exposure of volatile repellents on mosquitoes may lead them to exhibit exhaustion at a much faster rate. One measure to counteract this overexposure artifact is to increase the number of test mosquitoes; however, this solution is not really an adequate solution. Another common problem, and perhaps the most detrimental to repellency assays is the abrasive loss of substances from the skin, thereby resulting in decreased repellent efÞcacy durations. This concern is compounded by the use of the entire forearm that not only increases the probability that a small area may be susceptible to increased abrasive loss but also leads to concern about the size variability of the (forearm) treatment area between the tests subjects. This issue had already been acknowledged by Christophers, who used zinc sheets and bandages to limit exposure to a 193.5-cm 2 rectangular area on the arm as a means to decrease the contamination of the sleeve and to obtain a test area that can easily be observed during testing (Christophers 1947) .
To address the noted concerns with sleeve contaminations and abrasive loss of test substances, volunteer exposure to bites, variation in volunteer forearm sizes, and the overexposure of mosquitoes to volatile test substances, we have developed an improved test cage, air system and method. The Biogents (BG)-cages can be connected to an air ventilation system and use a test window in the ßoor sheet for the exposure of the treated skin. The air ventilation system reduces an accumulation of host odors and active substances inside the cage. The test window allows the use of a standardized treatment area and leads to better comparability and reproducibility of the test results. Finally, the separation of the arm from the cage by using screens during probing activity tests clearly increases the comfort for the human volunteers by reducing their exposure to excessive bites.
Materials and Methods
Chemical, Equipment, and Substance Application in Laboratory Assays. Test Materials. A proprietary repellent formulation (Autan Protection Plus, SC Johnson GmbH, Erkrath, Germany) containing 20% KBR3023 (hydroxyethyl isobutyl piperidine carboxylate) was used for all studies in this report.
Test Mosquitoes. Ae. aegypti females aged 12Ð18 d were used for all tests. The colony was obtained originally from BAYER AG (Monheim, Germany) and has been maintained in our facilities over the past 15 yr. Mosquitoes were reared at 26 Ϯ 1ЊC and 60 Ϯ 5% RH under a photoperiod of 12:12 (L:D) h. After hatching of the eggs, larvae were kept in a water basin (30 by 30 by 10 cm) Þlled with a 1:1 mixture of tap water and deionized water and fed with Þshfood ßakes (Tetramin). Before hatching, pupae were transferred into cages (40 by 30 by 20 cm), adult mosquitoes were provided with a 10% glucose solution on Þlter paper. EfÞcacy tests were performed with host-seeking females, which were lured out of their breeding cages at least 30 min before the start of the tests. The breeding cages contained a circular opening covered by Þne mosquito netting in their left wall, and the right wall was Þtted with a port and rotating door, where a transfer container could be adapted. The transfer container consisted of a Perspex cylinder with a rotating door on one end and a cover made from Þne mosquito netting at the other end. A suction device with a ventilator running at 7.5 V was connected to the opening in the left wall of the breeding cage to gently suck in the air, and a human hand was held to the transfer container on the opposite side of the cage and rotating doors were opened (Fig. 1) . Female mosquitoes that were seeking a bloodmeal ßew upwind into the transfer container by following the stimuli of the skin odor.
BG-Cages. The BG-cages had a volume of 27,000 cm 3 (41 by 41 by 16 cm). Four sides of the cages were made of Perspex, the ßoor of the cages was made of metal sheet and the rear side was covered by gauze (Fig. 2) . The metal ßoor sheet had a 56-cm 2 (14.8-by 3.8-cm) test window cut into it at the center of the front rim. The cage ceiling contained an opening that could be connected to an air ventilation system that allowed warm and humid air (26 Ϯ 1ЊC and 60 Ϯ 5% RH) at a ßow rate of 40 Ð 80 cm/s into the cages in between tests. Each BG-cage was Þlled with 30 mated nulliparous female mosquitoes (mosquito cage density of one per 900 cm 3 ). During testing, they constantly had access to a 10% glucose solution.
Conventional Test Cages. Conventional test cages with dimensions as recommended by the U.S. Environmental Protection Agency were used (EPA 2000) . The cages had a size of 91,125 cm 3 (45 by 45 by 45 cm), Fig. 1 . Set-up to lure female mosquitoes into transport cages. A ventilator running at 7.5 V is attached to the left wall of the breeding cage, and a human hand is held to the end of a transport cage on the opposite site to attract blood-hungry mosquitoes.
three sides were made of Perspex, the ßoor was made of metal sheet, the rear side was covered by gauze and the front side contained a sleeved gauze opening for the introduction of the arm of a volunteer. A mirror tile was placed on the ßoor of the conventional cage to observe the arm during testing. Each conventional cage was Þlled with 200 mated nulliparous female mosquitoes (mosquito density of one female per 455 cm 3 ) that also were provided with a 10% glucose solution.
Test Persons and Substance Application. EfÞcacy tests were performed with four volunteers (three females and one male) aged between 24 and 32 yr. Each volunteer used a separate cage designated for their tests. Volunteer treatment followed the protocol recommendations of EPA (2000): the skin between wrist and elbow was used as treatment area. The surface area of the forearm was calculated according to the World Health Organization speciÞcations (WHO 2009 ): the circumference of the arm was measured at the wrist, the elbow, and at three equally spaced points between these two areas. The average of the circumferences was then multiplied with the length of the arm between wrist and elbow. The skin was thoroughly washed with fragrance-free soap and water and rubbed with 50% isopropanol. The forearm was treated with 1 g of the liquid KBR3023 (20%) formulation per 600 cm 2 , resulting in a dose of 0.33 mg KBR3023/cm 2 . The repellent formulation was applied with tempered glass pipettes and rubbed evenly into the skin of the forearm. Fresh latex gloves were used during each application process.
Cage Test Procedures. Probing and Biting Activity. Before each efÞcacy test, the probing and biting activity of the test mosquitoes inside BG-and conventional test cages was veriÞed with the untreated forearm of each test subject. The minimum probing and biting pressure required for efÞcacy tests was 10 probings or bites on the untreated skin within 30 s (EPA 2000 , WHO 2009 ). Probing denotes that the mosquito injects its proboscis without actually taking a bloodmeal. The time until the 10th probing or bite was documented. When a lower probing or biting pressure was recorded, additional mosquitoes were introduced into the cage. If this did not produce a satisfactory level of probing, a new cage with a new population of mosquitoes was tested.
Biogents Test Cages. Before testing, a metal frame, just slightly larger than the window opening, was mounted into a rail below the test window which was then opened. The metal frame was used as a spacer to keep the skin at a deÞned distance of 150 mm from the test window. During probing activity tests a spacer covered with Þne mosquito netting was used and the untreated forearm was exposed against the frame of the metal spacer. Mosquitoes were able to detect attractive odors from the arm, the ones that landed on and tried to pierce the mosquito netting were counted as active, which essentially equates to a successful bite (Fig. 3) . After the probing activity test, the test window was closed and the air ventilation system was connected to the cage for a minimum of 2 min to remove any remaining host odors.
Conventional Test Cages. The entire untreated forearm was introduced into the cage through the sleeved opening in the front side, the hand was protected from bites by latex gloves. The mosquitoes were allowed to recover for 5 min after the biting activity test.
Efficacy Test. Tests with the BG-cage were conducted by exposing the treated forearm as quickly as possible after treatment application, which was at least 2 min after the probing activity test. Before each single test, the air ventilation system was disconnected from the cage and a metal spacer without mosquito netting was mounted into the rail of the test window. The treated skin was exposed against the metal frame for 2 min, and the number of probings or bites was recorded. Tests with conventional cages were conducted 30 min after treatment according to the recommended guidelines (EPA 2000) . The entire forearm was introduced into the cage through the sleeve, and the hand was protected from bites by latex cloves. The test time was 5 min. During this time the arm was observed through the Perspex ceiling of the cage and exhaling into the cage was avoided. The number of probings and bites on the treated skin was documented.
For both efÞcacy cage tests, the percent repellency was calculated in comparison to the numbers of bites on the control arm, according to the following formula: Fig. 2 . BG-test cage. The metal ßoor sheet contains the test window, which is closed by a metal slide. The air ventilation system is connected to the top of the cage.
where %R is repellent protection percentage, BC is number of bites on control arm, BT is number of bites on the test arm, and Y is exposure time of test arm/ exposure time of control arm (in minutes). EfÞcacy tests were repeated every 30 min, Þrst in BG-cages and immediately afterward in conventional cages, for a maximum of 8 h after the application. The tests were stopped as soon as the protection percentage on the treated arm was lower than 95% compared with the control arm, following EPA (2000) recommendations. In addition, the times until the Þrst and second bite occurred were also recorded.
Data Analysis. Mean complete protection times until Þrst and second bite, mean protection times until 95% repellency as well as mean probing and biting activities, with corresponding SEs were calculated. Means from both cage tests were compared independently using the nonparametric MannÐWhitney U test. The mean number of control probes or bites and corresponding standard errors were calculated for each subject. Mean control bites were independently compared using one-way analysis of variance with TukeyÕs honestly signiÞcant difference method as a post hoc test for the comparison of the probing or biting pressure (P ϭ 0.05). The software package SPSS was used for all statistical analysis (SPSS 15.0 for Windows, SPSS, Inc. 1998 Ð2006). (Meigen) and Ochlerotatus sticticus (Meigen), which were the predominant species at the study site. Tests were performed with 10 volunteers (four females and six males) aged between 21 and 35 yr. The test procedure followed the Environmental Protections AgencyÕs recommendations for Þeld tests (EPA 2000) . The lower leg was treated with 0.33 mg KBR3023/cm 2 and exposed to the mosquito Þeld population in hourly intervals. The rest of the body was covered by standardized protection clothes to prevent excessive bites, a hat with Þne mosquito netting protected the face, whereas latex gloves were used to cover the hands. Before each individual repellency test, the biting activity of the mosquito population was determined with the other, untreated lower leg; according to Environmental Protections AgencyÕs recommendations the minimum probing or biting pressure required for Þeld tests was Þve probings or bites on the untreated skin within 1 min (EPA 2000) . Biting activity tests were stopped as soon as the required number of probings or bites could be observed. Afterward, the untreated skin was covered and the treated leg was exposed. The number of landings and probings on the treated skin was documented during a maximum testing time of 15 min. Tests were stopped, as soon as the protection from bites reached a level lower than 95% compared with the untreated leg.
Results

Probing and Biting Activity in Laboratory Tests.
The probing and biting activity of the test mosquitoes remained high throughout the 8 h test day, as shown by 10 probings or bites received in Ͻ30 s during control tests of the untreated skin. The biting activity in conventional cages was signiÞcantly higher than in BG-cages (U ϭ 182.00 Z ϭ Ϫ7.470, P ϭ 0.000): 10 bites were recorded after an average of 15.7 Ϯ 0.9 s in conventional cages, whereas the average time needed for 10 probings through the netting in BG-cages was 27.2 Ϯ 0.6 s. The attractiveness of the test subjects for Ae. aegypti was comparable; the mean times needed for 10 probings or bites in BG-and conventional cages showed no signiÞcant differences between the four volunteers (Table 1) .
Protection Times in Laboratory Tests. When KBR3023 (20%) was tested in conventional cages, the Þrst and second bite occurred signiÞcantly earlier than during BG-cage tests (U ϭ 0.000, Z ϭ Ϫ2.337, P ϭ 0.029). Test subjects received their Þrst bites on the treated arms after an average of 1.6 Ϯ 0.2 h in conventional cages and after 6.3 Ϯ 0.6 h in BG-cage tests. The second bite was observed after an average of 3.0 Ϯ 0.4 h in conventional cage tests and after an average of 7.0 Ϯ 0.5 h in BG-cage tests. In BG-cages, the protec- tion from bites was Ͼ95% for an average of 7.5 Ϯ 0.6 h, signiÞcantly longer than in conventional cages, with an average duration of 4.5 Ϯ 0.4 h (U ϭ 0.000, Z ϭ Ϫ2.352, P ϭ 0.29). Up to 5.0 h postapplication, the bite protection of 20% KBR3023 was 100% in BG-cage tests, whereas the protection percentage in conventional cages was lower than 100% during the second efÞ-ciency test, 1.0 h after the application (Fig. 4) .
Discussion
A variety of abiotic and biotic factors inßuence the outcome of laboratory bioassays, such as absorption through and evaporation of active substances from the skin, probing or biting activity of the test mosquitoes, mosquito age and body size, test population density and cage shape and size (Gabel et al. 1976 , Rueda et al. 1998 , Xue et al. 1995 , Barnard et al. 1998 . The inßuence of these factors is even greater in the Þeld; nevertheless, Þeld tests provide the most valuable information on the performance of a repellent under realistic conditions. However, Þeld tests with human volunteers are not always feasible, e.g., in disease endemic areas where an increased risk of infection with vector-borne diseases are present. Therefore, laboratory bioassays are the method of choice, although their normal usage is to identify the most promising candidates before a time-consuming, labor-, and cost-intensive Þeld study.
The most rigorous testing conditions against Ae. aegypti were found in large cages (125 liters) with high mosquito densities (one female per 48 cm 3 ), whereas longer duration of protection was observed in small cages (27 liters) with low densities (one female per 540 cm 3 ) (Barnard et al. 1998) . A repellent formulation which fails under rigorous testing conditions (10) a Means in rows followed by the same letter are not signiÞcantly different (BG-cage: F ϭ 0.656; df ϭ 3, 62; P ϭ 0.582 and conventional cage: F ϭ 0.79; df ϭ 3, 36; P ϭ 0.971). Means in columns followed by different letters are signiÞcantly different (U ϭ 182.00, Z ϭ Ϫ7.470, P ϭ 0.000).
b Values in parentheses are the number of replicates. might still be effective in a Þeld test. The aim of this study was to develop a less rigorous cage test method that uses a standardized treatment area, works with a lower mosquito density and is not affected by contamination effects. We also wanted to create a more comfortable test situation for the human volunteers by reducing the discomfort caused by mosquito bites during testing. To address these issues, the air ventilation system for our novel BG-cages helps to reduce the entry and residual contamination of active substances into the cage. Test substances are applied to a 56-cm 2 rectangular skin area (outlined by using a marker) on the forearm and presented at a test window in the ßoor of the cage. The area used was Ϸ10 times smaller than the entire forearms, whose sizes ranged between 480 and 520 cm 2 in this study. The standardization of the treatment area did increase the comparability of the test data, and its smaller size and the use of an air ventilation system also allowed us to use a lower mosquito density, as the deposit of active substances was reduced and test mosquitoes were not exposed to the test substances between efÞcacy tests. With one female per 900 cm 3 instead of one per 455 cm 3 , density related stress also was avoided. The exposure of the treatment area at a test window in the ßoor of the cage and the handling of a lowered mosquito density increased the comfort of the test situation for the test subjects. In addition, the testing time was shortened from Þve to two min, an interval that can be better compared with the probing activity test of 30 s, which involved a modiÞed spacer with Þne mosquito netting to prevent excessive bites on the untreated skin. The control tests showed that the required mosquito activity of 10 probings in 30 s could easily be achieved with 30 females inside BG-cages, they were recorded after an average of 27.2 s. During conventional tests with 200 female mosquitoes, the 10th bite on the untreated skin occurred after an average of 15.7 s. Concerning the criterion for breakoff, the BG-cages offer another advantage: with a mosquito activity of 10 probings in 27.2 s, a minimum of three bites on the treated skin is required to reach a protection Ͻ95% and to stop the tests. In conventional cages, biting pressure was extremely high and test subjects had to tolerate a minimum of 10 bites on the treated arm before the cage test ended. During conventional cage tests, we observed the Þrst bites after 1Ð2 h postapplication, signiÞcantly earlier than in BGcage tests, where the Þrst bites occurred after 5.5Ð 6.0 h, and one test subject was not bitten at all throughout the entire 8 h test (U ϭ 0.000, Z ϭ Ϫ2.337, P ϭ 0.029). Tests also ended signiÞcantly earlier in conventional cage tests, after an average of 5.0 Ϯ 0.2 h (U ϭ 0.000, Z ϭ Ϫ2.352, P ϭ 0.029). When the arm was exposed at BG-cages, the repellent protection reached Ͻ95% after an average of 7.8 Ϯ 0.1 h. We also found that the data obtained during BG-cage tests were more comparable to Þeld test data than the results of the conventional tests. In 2007, the efÞciency of proprietary repellent formulations containing IR3535 and 20%KBR3023 was evaluated against Ae. aegypti in Brazil (Naucke et al. 2007 ). The Þeld tests were performed with 10 volunteers, the Þrst bites were documented after an average of 6.8 h and a repellent protection of Ͻ95% was reached after an average of 8.2 h during the evaluation of 20% KBR3023. A Þeld test study in Germany, where 20% KBR3023 was tested against Ae. vexans and Oc. sticticus, yielded an average protection time of 7.8 h until the Þrst bite and an average of 8.0 h until breakoff (unpublished data) ( Table 2) .
This study continues to advocate the documentation of bites as the end point, rather than use of probings, and this may cause some concerns. The use of human volunteers in repellency trials is inevitable as they represent the end-user of the product (WHO 2009 ) but excessive bite exposure of the test subjects should be avoided. In 2008, the U.S. Environmental Protection Agency published a revised version of its draft guideline for the testing of insect repellents which suggests the use of landings instead of bites as the event to show repellent failure, to decrease the risk of a reaction to bites during laboratory tests (EPA 2008) . The World Health Organization guidelines note that the recording of both landings and probings on the treated skin may be necessary during repellent efÞcacy trials as some repellents may prevent bites but do not reduce landings, whereas others could reduce the landing activity but those mosquitoes that land may bite nevertheless (WHO 2009 ). The advantage of our method is that it offers the possibility to measure repellent failure in both ways: the treated skin can be directly exposed to the mosquitoes at an open window frame and bites recorded to indicate the point of break-down. Alternatively, the treated forearm can be exposed under a modiÞed frame covered with Þne mosquito netting that keeps attracted and probing mosquitoes at a distance of 150 mm from the skin and thereby prevents from true bites. 
